true activity mean value of the hot regions. Moreover, in the case where a magnetic field is present, the correction accounts for the non-isotropy of the positron range effect, resulting in the recovery of resolution along the axial plane.
qvB sin θ that will make it follow a helicoidal trajectory around the direction of B, confining its path in the plane perpendicular to it. Simultaneous hybrid imaging using nuclear Magnetic Resonance tomography and Positron Emission Tomography (PET-MR) is expected to substantially improve the PET image resolution in the plane perpendicular to the static magnetic field of the scanner, due to the confined positron trajectory and particularly when inside a very strong magnetic field [2, 3, 4] . However, this is not the case for the resolution parallel to the direction of the magnetic field. This difference creates nonuniform resolution with an impact on the reconstructed radiotracer distribution.
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Therefore it is decisive to consider approaches to reduce the positron range effect for both PET and PET-MR systems.
Background
The blurring due to the positron range effect can be approached in different ways [5] . One common way is to describe the detected data as the ideal integral of activity (i.e. the projections) convolved with a function that represents the positron range, therefore in the case of analytic reconstruction methods the range effect can be removed by dividing the Fourier transform of the measured projection data by the Fourier transform of the positron range function [6] .
Within the iterative reconstruction framework the correction can be achieved by incorporating the positron range probability distribution as part of the forward projection matrix [7] with two different approaches: (A) isotope-specific and spatially variant point spread function (PSF) in resolution modeling [8, 3] ; or (B) by convolving the object with a positron range based kernel during the forward projection operation [9, 10, 11].
Aim
In this work we implement a method to take into account the positron range effect in iterative image reconstruction following the efficient approach proposed by Cal-Gonzalez [9] and Kraus [10] . The presented correction method is suitable for every kind of scanner, although its practical utility would be more relevant for pre-clinical systems or organ-specific systems, given their highest spatial resolution. The implementation is compatible with and without the presence of a magnetic field and it is validated for material-variant and material-invariant positron range corrections [11] . T. The Geant4 low energy package [12] was used for electromagnetic processes simulation.
Approximately 10 5 annihilation events were simulated per configuration and the annihilation coordinates were obtained from the Geant4 output [13, 14] .
The positron end point coordinates were stored and used to create the blurring kernels, as described in the following paragraphs.
Correction method
In order to consider the degradation of the PET images due to the positron range effect a matching spatial blurring is applied on the object during the forward projection step:
wherex current k is the current image estimate blurred via convolution with a kernel ρ, p i are the projections along LOR i and a i,j represents the system matrix element for voxel j and LOR i.
The version of STIR in which our method has been implemented is the 3.0.
Changes have been made to the following codes:
• OSMAPOSLReconstruction.h: where a pointer to the so-called pre update filter is added;
• OSMAPOSLReconstruction.cxx: where a filtering of the current image estimate is performed with the uploaded kernel inside the update estimate method, when a kernel is provided.
The kernel is defined inside the parameter file that has to be given to the OSMAPOSL executable, that is an implementation of the OSEM algorithm (Ordered Subset Expectation Maximization [15] ) and the type of filtering has to be set to Nonseparable Convolution Using Real DFT Image Filter.
Blurring kernels
The blurring kernel ρ is a three dimensional matrix whose elements have values according to the number of events within the corresponding volume normalized by the total number of events. To obtain the kernels the annihilation coordinates were voxellized into a 3D matrix with element size equal to the voxel size of the reconstructed image and then normalized to sum up to 1. The size of each kernel depends on the isotope and the characteristics of the images provided by the scanner in use, so that the kernel covers a volume corresponding to twice the calculated mean range departing from its center in all directions (with these dimensions approximately 97 % of the annihilation events are included in the kernel volume). For the purpose of this study, kernels were obtained for the 68 Ga isotope in water and lung tissue, with no magnetic field and with a 3
T magnetic field, equal to the magnetic field of the most common commercial PET-MR systems is use (the magnetic field and tissue dependent correction kernels that have been generated could be shared on request with others STIR users). The 68 Ga can be considered representative here due to its average energy emission properties, see Table 1 .
5 The kernels dimensions for 68 Ga in water are 21x21x21 and 41x41x41 for 0T
and 3T respectively, and in lung tissue 17x17x17 and 31x31x31 for 0T and 3T
respectively. Two-dimensional planes of the lung tissue kernel are illustrated in Figure 1 . 
Method evaluation
Two versions of the proposed method were implemented:
• material-invariant correction: it only uses one kernel for the blurring of the forward projected image, as if the imaged object were homogeneous;
• material-variant correction: the kernel is chosen depending on the underlying voxel tissue, in order to consider the positron range effect with surrounding material of different types. In this case a mask image is needed in order to discriminate between different materials.
Phantoms
The proposed method was evaluated using simulated data generated using STIR software [16] of acquisitions of the HYPERImage preclinical PET/MR scanner (diameter: 20.8 cm, length: 3.1 cm) [17] .
The material-invariant correction was applied on simulated acquisitions of rectangular parallelepiped homogeneous phantoms made of water or lung tissue containing two spherical hot spots of 3 mm and 5 mm radius respectively.
Simulations were done with and without additional Poisson noise. The activity contrast ratio between the hot spots and the simulated background tissue was set to 11:1. The reconstructed images of the water phantom are shown in Figure   4 . Lung and water phantoms are of equal shape.
The material-variant correction was applied on a phantom composed of water and lung tissue regions (activity contrast value respectively equal to 1 and In order to evaluate the positron range correction performance, the blurred images reconstructed with and without the use of the positron range correction were compared to the reconstructed image of the simulated phantom, which has no blurring related to the positron range effect. 
Results

GATE simulations
Impact of noise and material-invariant correction for homogeneous phantoms
The images resulted from the material-invariant kernel reconstruction with the water phantom are shown in Figure 4 . It can be seen that when the correction is applied there is improved recovery of the original radioisotope activity.
Axial and transversal line profiles drawn through the hot spots in the reconstructed images (width: 2 voxels, centered in correspondence to the center of the feature) illustrate that the use of the positron range correction yields sharper boundary definition, albeit with noise enhancement. we are performing resolution modeling, correcting for the contribution of the positron range to the overall degradation of the image), which is known to produce Gibbs artifacts at sharp intensity transitions inside the object. Typical approaches to suppress these artifacts include post reconstruction smoothing with a low-pass filtering or the use of penalties in a penalized likelihood reconstruction algorithm [18, 19] .
The values of the mean µ and standard deviation σ were calculated relative to the volumes corresponding to the simulated spherical hot spots. The related coefficient of variation, defined as CV = σ/ µ, which measures the extent of water and lung tissue phantoms [14] .
variability of the values in relation to the mean (i.e. the standard deviation of the selected region of interest over its mean) was also evaluated. The obtained values are shown in Table 2 and Table 3 .
Material-invariant versus material-variant correction for multi-material phantom
In the analysis of the multi-material phantom, i.e. the water rectangular parallelepiped with a cylindrical area made of lung tissue inside, in order to compare the difference between the two methods the blurred images have been reconstructed both with the material-invariant correction, using the kernel related to water, and with the material-variant correction, using in this case the kernel for lung tissue in the corresponding area. Line profiles were traced through the hot spot in the reconstructed images (as previously described) and are illustrated in Figure 6 . They highlight that in both instances (displayed in the plot as "invar corr" and "var corr") the use of the positron range correction yields sharper boundary definition, although resulting in edge artifacts. The mean, standard deviation and CV relative to the spherical hot spot are listed in Table 4 . 
Discussion
Analyzing the simulation results with respect to increasing magnetic field strengths, it can be observed that there is a significant decrease in the mean distance traveled by the positron in the x and y directions, as it can be seen in Figure 2 . In the absence of magnetic field the positron interactions result in random direction changes of its path, whereas when a magnetic field is applied the available direction change is reduced. This is as a consequence of the confinement of the trajectory in the transverse plane, and it is demonstrated by the reduced distance r traveled by the positron as the magnetic field strength increase (see histogram of the mean range in Figure 2 ). and 1b 3T. In the 3T case, see Figure 1d , a condensing can be noticed in the distribution of the annihilation events along the direction of the magnetic field:
due to the helicoidal motion of the positrons around the magnetic field more annihilations are deposited along the direction of the field, as explained in [3] .
No variation is observed in the axial direction profile, as it is showed in Figure 2 , as opposed to what has been reported in [20] where the mean of the positron range in the z direction it was said to increase. From Figure 3 it can also be observed that a trend common to all simulated materials is that the reduction effect on the positron range is more dominant for lower (0T-3T) than for higher magnetic field strengths (9.5T-11T). This is in agreement with what has been reported in [3] , where it is shown that the degree of reduction of the path traveled by the positron is proportional to the positron range of the isotope and to the magnetic field strength up to around 7T, where the extent of the reduction saturates.
As a result of the application of material-invariant correction, the plots in Figure 5 show that the filtering of the forward projected image yields sharper boundary definition, albeit with noise enhancement, and the values in Tables   2 and 3 demonstrate that the correction results in the recovery of the activity mean value compared to the simulated phantom. Without the magnetic field, the achieved activity recovery ranges from 55% to 91% and from 54% to 90%
for the small hot spot without and with noise; with 3 T magnetic field it ranges from 62% to 93% and from 61% to 91% for the small spot without and with noise, respectively.
In the case of a multi-material object Figure 6 shows that both the corrections (material-invariant and material-variant) yield sharper boundary definition, although resulting in edge artifacts. Moreover, when the material-variant correction is applied, the recovered radioactivity mean value increases considerably, as it can be observed by the values in Table 4 , e.g. in the presence of magnetic field it ranges from the 55% in the case of the material-invariant correction to 92%. Nevertheless our implementation does not take into account the modification of the pathway of positrons that annihilate in a different medium than the one they were emitted from. It chooses the blurring kernel to be applied depending on the underlying voxel tissue, therefore not taking into account the variation of the positron range that might be caused if the particle crossed a different medium before annihilating. Various approaches to tackle this issue have been presented in [7] , [10] , [21] , [22] .
Although this method implies the application of a non-convertible projector/backprojector pair (as the blurring is effective in the forward projection only), it has been proven to be effective in [9] and [10] . Furthermore this approach allows to avoid a required re-evaluation of the system matrix for each involved isotope given that the blurring with the chosen kernel is applied to the image before the forward projection. The effect of including positron blurring in both forward and backward projection operations is investigated in [23] , where it is shown that the use of positron blurring during backprojection has a smoothing effect on the reconstructed image leading to a delayed convergence, requiring a large number of iterations to reach a comparable detail level. Furthermore in [24] it is shown that MLEM algorithms demonstrate first a short convergent trend but then deviates from the desired solution, independent from the projector/backprojector pair matching. The authors concluded that the concrete choice for the backprojector may not be a very critical factor in a practical image reconstruction problem. They suggest to choose a (maybe even inconsistent) projector/backprojector pair, suited for rapid computation, supported by further regularization methods to guide or stop the iteration process.
In the present study we only demonstrated the described method for 68 Ga in water and lung tissue with no magnetic field and in the presence of a 3 T magnetic field. However the same procedure can easily be carried out for other radioisotopes, materials and for different magnetic field strengths, potentially providing good results even in the presence of very strong magnetic fields, in which case the anisotropy of the positron range distribution may affect the image resolution in the axial direction.
With respect to the noise enhancement it must be underlined that in our study no regularization was applied. To address this issue and simultaneously the object dependency of the resolution properties when inter-iteration filtering is used, some form of regularization could be applied, with the additional aim of obtaining images with nearly object independent and uni-directional resolution. A further development of our investigation would be the consideration of simultaneous multi-isotope acquisitions, exploiting for example multiple isotope-specific kernels.
In the future we plan to extend this method to take into account the positron range behavior in correspondence to tissue borders and to incorporate the new developments in STIR library.
Conclusions
We implemented a technique that accounts for the positron range effect in iterative reconstruction in STIR library. The method is independent of the existence of a magnetic field once the blurring kernels have been chosen for the correct combination of isotope, material and magnetic field strength. The evaluation of the proposed correction method was performed on simulated phantoms, in which a filtering process with the calculated kernels was used to emulate the positron range blurring. The analysis on the reconstructed images shows that the positron range correction is able to substantially restore the mean activity values relative to high contrast regions and sharper boundaries, albeit resulting in noise enhancement. When a 3 T magnetic field is present, the application of the positron range correction can successfully correct for the non-isotropic resolution along the axial plane. With regard to the use of a material-variant kernel, the method performance in correspondence to the edges needs further investigation.
